INTRODUCTION
EVER SINCE the time of Helmholtz, most physiologists have believed that different parts of the cochlea respond differently to various sound stimuli. Almost all the experimental evidence in support of this belief has been of rather indirect nature, however, and consequently there have been some differences of opinion among physiologists as to just how the behavior of the apical turn of the cochlea differs from that of the basal turn (see 8, 9). The differences might be resolved if we had a technique by which the responses of a part of the cochlea could be recorded, modified or eliminated without interferin g with the responses of the remaining parts of the cochlea. The method of destroying the apical part of the cochlea has frequently been used by previous investigators, but it has several obvious disadvantages. For example, destruction of the apex may change the acoustic properties of the whole cochlea, the method cannot be applied to the other parts of the cochlea, and destruction of the apex may change the excitability of th .e sensory cells in the remaining parts of the cochlea. In the present investigation we undertook to develop micro-techniques by which the condition of a part of the cochlea could be modified in a reversible manner. We have succeeded in recording electrical responses generated in any one of the turns of the cochlea without any significant contamination by the responses from other turns. Administration of an isotonic potassium chloride solution and application of direct current were chosen to modify locally the condition of the cochlea, because these agents are known to change reversibly both resting and action potentials in many other excitable tissues. Actually these agents were found to be very convenient for changing or totally suppressing these electrical signs of cochlear activity in a restricted region where the agents were applied.
The results show very clearly that the basal turn of the cochlea generates cochlear microphonics in response to both high-and low-frequency sound stimuli, whereas in the apical part high-frequency sound stimuli, applied through the external auditory meatus, do not give any response. Furthermore, the cochlear microphonics recorded from the round window of the guinea pig are the response of the basal turn and give practically no information about the activity of the more distant parts of the cochlea. The holes were just large enough to admit the electrodes and therefore the outflow of the perilymph through the hole (with the electrode in) was practically insignificant.
The electrodes were fixed to the edge of the bulla with dental cement (Fig. 1) currents revealed that the potential difference measured through the wire electrodes described above was slightly less than the difference in potential of the points in the fluid where the electrodes were immersed. For frequencies between 100 and 5000 c./sec., the loss in the observed potential was between 5 and 15 per cent with the silver electrodes and approximately three times larger with the nichrome-steel electrodes. The loss was greater both for lower and for higher frequencies and was independent of the A.C. voltage used for the testing (up to 2 mV. Tests were also done to determine how far the current sent into the cochlea spreads along the cochlear partition.
With a condenser-coupled Figure 1 . When the glass pipette inserted in the Scala vestibuli of the basal turn was connected to the source of current and the one in the Scala tympani to the sink, the potential of the wire electrode in the Scala vestibuli of the same turn (Iv in the diagram), referred to the wire electrode in the Scala tympani (IT), went up, the magnitude of this potential being proportional to the strength of the current applied. The potentials of the electrodes inserted in the upper parts of the cochlea were found to be between these two potential levels (Iv and IT), but always closer to the potential of the Scala tympani of the basal turn (IT) . No measurable potential difference was detected between the electrodes placed in the upper parts of the cochlea. This undoubtedly indicates that, with a source and a sink of equal strength placed across the cochlear partition of the basal turn, there is no spread of current into the upper part of the cochlea. Therefore the effect of direct current applied to the cochlea in this manner must be considered as the influence of current localized in the basal turn.
2. Effect of KC1 on cochlear responses. In the first series of experiments an attempt was made to determine whether or not complete replacement of the perilymph in the cochlea with mammalian Ringer solution brings about any observable change in the excitability of the cochlea. First, with 8000 c./sec. tone pips, records were taken of the cochlear responses from the basal turn carrying a pair of recording electrodes and two holes for perfusion. Ringer solution was then introduced into the cochlea through a hole in the Scala tympani and was allowed to flow out through the other hole in the Scala vestibuli. The fluid accumulated in the bulla, but with a small pipette and small pieces of cotton wool the fluid was removed. As long as care was taken to remove this excess fluid, there was no detectable change in the threshold or the amplitude of the cochlear responses-both microphonics and action potentials-before or after replacement of the perilvmph with normal Ringer solution.
In the next series of experiments the perilymph in the cochlea was completely replaced with mixtures of isotonic KC1 solution and Ringer solution. The mixture was introduced just as in the preceding experiments. The surface of the cochlea was washed with fresh Ringer fluid and the fluid accumulated in the bulla was removed. After these procedures, which required 2-3 minutes, the cochlear responses -both the microphonics and the action potentials -were found to be reduced to an extent determined by the concentration of KC1 in the mixture. Fig. 2 ). The recovery was much slower than the progress of the depression following application of KC1 which seemed to reach a steady state within one minute. Furthermore, perfusion with normal Ringer solution had to be repeated several times before complete recovery was obtained. This probably is due to retention of some KC1 in the Scala media or in other parts of the cochlea where fresh Ringer solution could not reach directly.
After administration of pure isotonic KC1 solution, washing inside the cochlea with fresh Ringer solution did not restore the action potential within one hour, although the cochlear microphonics still recovered fairly well.
3. Elimination by KC1 of responses in upper or lower half of cochlea.
When a small amount of isotonic KC1 solution was introduced into the acala tympani of the basal turn, the responses recorded with electrodes inserted in the basal turn disappeared very rapidly. A similar treatment with KC1 of the Scala vestibuli eventually caused a total loss of responses from the basal turn, but the loss was definitely slower than when KC1 was administered in the Scala tympani. This slower action of KC1 in the Scala vestibuli may be due to slower diffusion of KC1 through the tectorial membrane to the hair cells and nerve fibers or to possible dilution of KC1 by cerebrospinal fluid entering by way of the cochlear aqueduct.* At the moment when the response of the basal turn was eliminated completely by the action of KCl, there were still almost normal responses in the upper turns of the cochlea. Differential recording from the upper part of the cochlea was carried out in two ways. Sometimes one electrode was in Scala vestibuli, the other in Scala tympani of the third turn (see Fig. 3 ); sometimes both were in Scala vestibuli, one in the third and the other in the apical turn. In all cases the responses from the upper turns were still almost normal in size at the moment when the response of the basal turn had just disappeared. Since a current with its source and sink in the cochlea has been shown not to spread to other turns of the cochlea, we believe that differential recording gives information only as to the response of the turn where the pair of electrodes is inserted. Actually, the response of the upper part of the cochlea as examined by this differential method behaved independently of the response of the basal turn. Differential recording from the upper turns, even without treatment with KCl, shows no response from these upper turns when high-frequency sound stimuli are applied. An 8000 c./sec. pure tone, which generates microphonics very effectively in the basal turn, is ineffective for the third and apical turns of the cochlea. With 8000 c./sec. tone pips, no microphonics of 8000 c./sec. were ever observed, but when the intensity of the 8000 c./sec. pip was high, slow microphonics, probably generated by the low-frequency components in the pip, were always observed.
Since the time when the cochlear responses were first discovered by Wever and Bray (10) and were classified by Davis (2) into cochlear microphonics and action potentials, the region of the basal turn, including the region near the round window, has been known to respond to sound stimuli of varying frequencies. Now we have shown that the microphonics of the basal turn induced by low-frequency sound stimuli behave independently of the responses of the upper turns of the cochlea to the same stimuli. It is therefore evident that the low-frequency microphonics recorded from the basal turn by differential electrodes are actually the responses generated in the basal turn and not the spread toward the basal turn of microphonics generated in the upper part of the cochlea. In other words, with the sound stimuli applied through the external auditory meatus the region of the 504 ICHIJI TASAKI AND C&AR FERNANDEZ cochlea near the round window generates cochlear microphonics in response to a sound of any audible frequency.
The function of the upper turns of the cochlea was next eliminated without affecting the response from the basal turn. The most successful method was to introduce a drop of KC1 solution at the apex and wait until it spread down into the upper part of the cochlea. In addition to diffusion, periodic movements of the stapes, resulting from contraction of the intra-aural muscles, seem to serve to bring the KC1 downwards. In Figure 4 is presented an example of such experiments. 500 c./sec. tone pips of two different intensities were used in this experiment. Responses from the basal turn were separated into microphonics and action potential by the method of electronic cancellation (3). The responses from the third turn were recorded simply by connecting the electrodes inserted in this turn to the two input terminals of a differential amplifier. Between 7 and 15 minutes after introduction of a drop of isotonic KC1 solution into the apex, the response of the third turn was practically negligible, whereas the responses of the basal turn-both action potentials and microphonicsshowed practically normal size during this period. Later, the response of the third turn began to recover and the basal turn responses became-smaller, 4. Effects of direct currents on cochlear responses. In this series of experiments, constant polarizing currents were applied to the basal turn through a pair of glass pipette electrodes and the responses were recorded with silver wire electrodes placed close to the polarizing electrodes. A D.C. microammeter and a series resistance of 0.5-1.0 megohm were generally connected in the battery circuit. Since the battery circuit was carefully isolated from the ground and since the resistance of this circuit was high as compared with that of the cochlea, there was no observable distortion or reduction in the responses because of the presence of the polarizing electrodes. Figure 5 gives a typical example of the results obtained with 8000 c./sec. In an experiment with a fairly strong sound stimulus and with currents of varying intensities, an approximate parallelism was observed between the change in the action potential and that in the cochlear microphonic. The effect of polarizing currents upon the microphonic was more marked when the sound stimulus was strong than when it was near the threshold (Fig. 6 ). The effects of D.C. upon the cochlear microphonics induced by pure tones were also investigated with similar arrangements of the electrode. Again, the current flowing from the Scala vestibuli towards the Scala tym-507 EFFECTS OF KC1 AND D.C. ON COCHLEA pani increased the amplitude of the microphonics and the current flowing in the opposite direction brought about an opposite effect. The depressive or enhancing effect of the current increased with the intensity of the current. Within limits the change in the amplitude of cochlear microphonic was found to increase approximately directly with the current strength (see Fig. 7 ). The depressive effect was in many cases more marked than the enhancing effect. These effects of polarization did not seem to increase with time during passage of a constant current, but a postpressive enhancement was often observed during the period 3-5 sec. after cessation of the current. The intensity of the sound stimulus was in this case such that the amplitude of the microphonic, observed without applied current, was maximal.
The current affected the responses to both 500 and 8000 c./sec. pure tones, but the effect on the lower tone was what has been stated up to this time, the polarizing current applied in the basal turn should not affect in any way the response of the upper turns of the cochlea. It has been shown that the current applied in the basal turn does not spread toward the upper turns of the cochlea. It has also been demonstrated that the method of differential recording of the cochlear microphonic from any turn gives information as to the activity of that turn without contamination by the responses of other turns. If, therefore, the microphonics from the basal and third turns are recorded simultaneously, the polarizing current, applied in the basal turn, should change the amplitude of the response from the basal turn and leave the response from the third turn unaffected. Figure 8 shows that this is actually so. The arrangement of the electrodes for this experiment is given in Figure 1 . In order to evoke cochlear microphonics of appreciable size in the third turn, low-frequency sound stimuli--pips in this case-were used. The current applied was very strong, strong enough to suppress the response of the basal turn when it was flowing through the cochlear partition from the Scala tympani toward the Scala vestibuli.
During the passage of this current in the opposite direction, there was an increase of approximately 50 per cent in the amplitude of the microphonics from the basal turn. The response from the third turn remained absolutely unchanged during and after passage of the current. The question now arises: how far does the effect of a polarizing current spread from the site of application along the cochlear partition? A rather crude experiment with a weak constant current indicated that the decay of D.C. potential across the cochlear partition was something like 6 dbimm. within the basal turn. The total length of the basal turn of the guinea pig cochlea is known to be about 8 mm. Therefore, with a source and sink of current located across the cochlear partition near the round window, the density of current in the second turn should be less than 1 per cent of the value near the round window.
Cochlear microphonics generated by lowfrequency sound stimuli seem to spread along the cochlear partition in the same manner as the applied constant current. In the upper turns, where the basilar membrane is wider and the two scalae are smaller, spread of both applied current and microphonics is probably far less than in the basal turn.
DISCUSSION
Many of the impli.cations of our results have been pointed out in the previous section as the results were described. There are, however, several more general aspects.
Several previous investigators have employed the cochlear microphonic for the study of the localization of mechanical activity within the cochlea as a function of frequency. Probably all of them assumed that the microphonic as recorded between the round window and a reference electrode on the neck gave some sort of information as to the activity of the entire cochlea. Actually this is not the case. Figure 3 shows that the microphonic generated in the upper parts of the cochlea does not appreciably affect the potential recorded from the basal part. The contribution from the upper turns cannot be more than about 3 per cent at most.
It was recognized by previous investigators that the microphonic generated at the apex but recorded from the round window would be %tten-uated" considerably.
Davis et al, (3), for example, estimated this attenuation as approximately 30 db. But this attenuation is far less than our present
